Four temperature-sensitive (ts) mutants of the A7 strain of Semliki Forest virus (SFV) have been isolated. All mutants were defective in RNA synthesis at the restrictive temperature (39 °C) compared to the permissive temperature (30 °C). Since the body temperature of mice fluctuates between 37 °C and 39 °C, multiplication was also examined at 37 °C; only the multiplication of ts4 was restricted. After intraperitoneal infection of 8-day pregnant mice, the wild-type induced rapid abortion. Ts4 and ts26 had no effect on embryonic development. Litters born to ts4-infected mothers developed no postnatal immunity whereas 50~ of litters from ts26-infected mothers were immune. Unlike the wild-type, tsl4 induced the same or higher virus titres in placental tissue in most mice than in foetal tissue. Ts22 and tsl4 induced a range of development defects, including developmental arrest, mummification, abortion and postnatal death. Most surviving offspring were immune. Although ts4 induced no viraemia, tsl4, ts22 and ts26 induced a lower titre but longer lasting viraemia than the wild-type. It is concluded that infections of pregnant mice with tsl4 and ts22 in particular are good models for analysis of the mechanism of virus-induced developmental defects.
INTRODUCTION
Embryonic and foetal infections due to togaviruses have been reported both in humans for viruses such as rubella (Gregg, 1941 ; Horstmann, 1976) and in domestic animals for viruses such as bovine viral diarrhoea (Done et al., 1980) and border disease (Barlow et al., 1980) . In general, the outcome of infection depends on the stage of development at the time of infection, with the most serious consequences following exposure during early gestation (Dudgeon, 1969; Johnson, 1982) . Foetuses may be aborted, stillborn, mummified or survive with congenital abnormalities. Some clinically normal offspring develop signs of disease later in life (Barlow et al., 1980; Dudgeon, 1969; Van Oirschot, 1983) .
Models of embryonic infection based on infection of pregnant mice have been developed for the flaviviruses St Louis encephalitis (Anderson & Hanson, 1975) and Japanese encephalitis (Mathur et al., 1981) . The A7 strain of Semliki Forest virus (SFV) induces rapid abortion following peripheral infection of 8-day pregnant mice Milner & Marshall, 1984) but does not produce the range of effects characteristic of viruses such as rubella or bovine viral diarrhoea. The use of SFV (an alphavirus) as a model, rather than the flaviviruses previously used, has the advantages that its molecular biology is relatively well understood [early work has been reviewed by K/i/~ri/iinen & S6derlund (1978) , and there have been many subsequent studies], it is easily manipulated in the laboratory, and it has been extensively used as a model for analysis of central nervous system infection . Here we report the isolation of four temperature-sensitive (ts) mutants of A7 SFV which differ from the wild-type in their effects on developing embryos. The mutants tsl4 and ts22 in particular induce a range of developmental defects not characteristic of the wild-type virus.
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Mice. The outbred Q/Fa strain of mouse was used in this study, rather than the BALB/c strain used previously , because this strain produces more embryos per mother and has been used in embryo culture experiments (Hearne et al., 1986) . Mice were housed at a temperature of 22 °C and subjected to 12 h cycles of dark and light. To produce mice of known gestation, groups of 12 virgin female and six male mice of age 8 to 12 weeks were placed together. The day on which a vaginal plug was found was taken to be day 1 of pregnancy. For infection experiments, pregnant mice were inoculated with 104 p.f.u, of virus in 0.5 ml of phosphate-buffered saline (PBS), given intraperitoneally (i.p.) on day 8 of pregnancy, unless otherwise specified.
Virus. The methods of growing plaque-purified stocks of the A7 and neurovirulent L10 strains of SFV and of plaque assay using BHK-21 cells have been previously described (Barrett et al., 1980) . Ts mutants of the A7 strain were isolated following mutagenesis by N-nitro-N-methyl-N'-nitrosoguanidine and using the temperature shift technique previously described (Atkins et al., 1974) . The permissive and restrictive temperatures were 30 °C and 39 °C respectively. Stocks of plaque-purified ts mutants were grown in BHK-21 cells at 30 °C. Viral RNA synthesis and plating efficiency were measured as previously described (Atkins et al., 1974; Atkins & Sheahan, 1982) . Virus titrations of placental and foetal tissue were carried out using clarified 10% homogenates of pooled tissue from a single pregnant mouse . Extracts were stored at -70 °C prior to plaque assay.
Embryo culture. Embryos at the blastocyst stage were obtained on day 4 of pregnancy. Removal of the zona pellucida, culture to the egg-cylinder stage, and virus infection with 104 p.f.u./embryo were carried out as described by Hearne et al. (1986) .
In utero survival. Any mice not producing litters by day 21 of pregnancy were killed and their uteri stained by the method of Orsini (1962) to detect implantation sites. Abortion is defined as litter loss at any stage during gestation including cannibalism of litters by mothers immediately on delivery.
Weight gain and postnatal immunity. Litters surviving virus infection of the mother were reduced to six siblings on birth. They were then weighed on alternate days during a 19 day period. At day 19 after birth, the litters were challenged with 104 p.f.u, of the L10 strain of SFV given i.p. in 0.02 ml of PBS. Statistical significance of weight gain results was tested as described previously (Barrett & Atkins, 1979) .
Viraemia. Groups of non-pregnant mice were inoculated with 10 ~ p.f.u, of each mutant and A7, given i.p. in 0-5 ml of PBS. At daily intervals up to 6 days, two or three mice were sacrificed from each group and 300 ~tl blood samples were taken by cardiac puncture. These samples were stored in 2 ml of BHK medium (Gibco) at -70 °C for subsequent plaque assay.
RESULTS

Isolation of mutants
Initially, we attempted to isolate mutants by direct selection, an approach which has been successful for neurovirulence mutants (Barrett et al., 1980) . Two hundred plaque isolates from a mutagenized stock of SFV were injected into single 8-day pregnant mice. None of these mice produced litters, although control mock-infected mice did. The reason for the failure to isolate mutants is not clear at present. We therefore attempted to isolate ts mutants using the same mutagenesis treatment. As a preliminary step, we measured the body temperatures of duplicate pregnant and non-pregnant mice, both infected and uninfected, over a period of 3 days. Body temperatures were measured using a rectal thermometer at 6-hourly intervals. Temperatures were found to fluctuate between 36.6 °C and 39.4 °C with peaks during darkness and lows during light. Infection and/or pregnancy had no effect on body temperature. On the basis of these results, it was decided to set 39 °C as a restrictive temperature for the mutants, but to test their growth also at 37 °C. The permissive temperature for the mutants was 30 °C. After testing 100 plaque isolates, we isolated four ts mutants, numbered ts4, tsl4, ts22 and ts26. Table 1 shows the titres of working stocks of A7 and the four ts mutants at 30 °C, 37 °C and 39 °C. While the titre of A7 was reduced by less than 10-fold at 39 °C compared to that at 30 °C, that of the ts mutants was reduced by a factor of at least 200. The titre at 37 °C compared to 30 °C was reduced only for ts4. Viral RNA synthesis of A7 was reduced about 20-fold at 39 °C compared to 30°C, whereas RNA synthesis by the ts mutants was reduced to virtually undetectable levels (Table 1) . At 37 °C, only ts4 showed reduced RNA synthesis compared to 30 °C.
In vitro growth properties of ts mutants
Similar results were obtained following infection of cultured early embryos (Table 1) . Twenty- Fig. 1 . Twelve-day embryos from an A7-infected mouse and a control mouse. Left, 12-day foetus and placenta from a mouse infected at day 8 of pregnancy with 104 p.f.u, of A7 SFV given i.p. Right, foetus and placenta from a mock-infected mouse. The scale is in ram.
Virus strain A7 ts4 tsl4 ts22 ts26 * Cells were pulse-labelled with 1 ~tCi/ml pH]uridine at 6 to 8 h after infection, in the presence of 5 ~tg/ml actinomycin D, and the TCA-precipitable incorporation was determined. Incorporation by uninfected cells (100 to 300 c.p.m.) has been deducted. Each value is an average of three to six determinations.
t Blastocysts were infected with 104 p.f.u, of virus and the yield produced at 24 h was assayed at 30 °C. ~: u, Undetectable.
four h after infection with A7 at 39 °C, the yield was only slightly reduced compared to 37 °C, but the yield of the ts mutants was reduced by at least 140-fold and was only detectable for ts22. Again, ts4 was the only mutant which showed temperature sensitivity at 37°C. These differences in virus yield were reflected in effects on embryonic d e v e l o p m e n t in culture; no effect could be detected following infection with ts mutants at 39 °C, or with ts4 at 37 °C. Embryos infected with A7 at 39 °C or with A7, tsl4, ts22 and ts26 at 37 °C were necrotic by 48 h.
Experiments involving embryonic infection at 30 °C were not carried out as uninfected embryos did not develop at this temperature. Note that ts4 was not a host-range mutant since it multiplied in cultured secondary mouse embryo fibroblasts and in mouse L cells at 30 °C (data not shown).
Effect of infection on embryonic development and postnatal survival
Infection of mice with A7 on day 8 of pregnancy resulted in developmental arrest followed by abortion, usually on day 12. This effect is illustrated by Fig. 1 . Infection with ts4 or ts26 had no effect on embryonic d e v e l o p m e n t ( mothers also ate one or more of their offspring during the postnatal period (up to 19 days after birth). Thirteen out of 15 of the surviving litters developed postnatal immunity, and weight gain for these litters was normal. Of those infected mothers which did not deliver, two carried haemorrhagic dead foetuses and one carried developmentally arrested foetuses to term. The remaining four mice aborted their litters on or after day 14 (compared to day 12 for the wildtype), and two of these aborted a mummified foetus each. With tsl 4, a minority (two of seven) of litters were aborted and all five remaining litters developed postnatal immunity. The initial experiments shown in Table 2 showed no apparent abnormalities among surviving litters. However, in a separate experiment with tsl4, three mice infected at day 8 of pregnancy were killed on day 18 and the foetuses examined; all three showed the presence of haemorrhagic or developmentally retarded foetuses (5/12, 2/14, 5/10). In similar experiments for ts4 and ts26, no abnormal foetuses were found at day 18, but one litter containing 4/11 abnormal foetuses was * Blood samples were taken from two or three non-pregnant mice at daily intervals up to 6 days after i.p. infection with 104 p.f.u. Where one or more mice showed equivalent titres of virus on consecutive days, a range is given for the time the peak titre was reached.
t Placental and foetal tissue from single infected mice were pooled and assayed separately at day 16 of pregnancy following i.p. infection with 104 p.f.u, on day 14 of pregnancy. The values given are the averages of positive samples.
Number showing presence of virus out of number examined. § NA, Not applicable.
found for ts22. Examples of the range of effects on the developing embryo produced by ts22 infection are illustrated in Fig. 2. The effect of i.p. injection of 104 p.f.u, of A7, tsl4 and ts22 on the survival of suckling mice was also tested (Table 3 ). All 3-day-old mice died regardless of the strain injected, as did 7-and 14-day-old mice injected with A7. However, a proportion of 7-day-old and 14-day-old mice infected with ts22 survived. Seven-day-old mice infected with tsl4 died whereas 14-day-old mice survived.
Induction of viraemia
The induction of viraemia by A7 and the four ts mutants was measured at daily intervals up to 6 days after i.p. injection of 104 p.f.u. (Table 4 ). For ts4, no viraemia could be detected. However, for tsl4, ts22 and ts26, a viraemia was produced but the peak titre was 100-fold lower than that produced by A7. Also, the time at which the peak was reached was about 1 day later and the duration l to 2 days longer for the ts mutants than for A7.
Virus multiplication in the placenta and foetus
Assay of virus in foetal tissues was initially done by the method followed by . Fourteen-day pregnant mice were injected i.p. with 104 p.f.u, and the foetuses removed were assayed for virus 2 days later. This was because sufficient foetal tissue was required for virus assay before abortion occurred. The results obtained for tsl4 and ts22 were unexpected. In three of six mice infected with tsl4, virus was found in the placenta but not in the foetus (Table  4 ). In two of five mice infected with ts22, no virus was found either in the placenta or foetus. We therefore infected mice with tsl4 and ts22 on day 8 of pregnancy and assayed the foetal tissue on days 18 to 20 (just before birth, Table 5 ). For tsl4, virus was found in placental but not foetal tissue for two of five mice; for the remaining three mice, virus was found at the same or higher titres in placental compared to foetal tissues. Ts22 was detected in foetal tissue in two of four mice.
DISCUSSION
We have isolated four ts mutants of the A7 strain of SFV which differ from the wild-type in their pathogenicity for developing mouse foetuses. One complication in the analysis of the effects of the mutants is the temperature sensitivity of the A7 strain, as originally reported by Woodward & Smith (1979) . We have confirmed this and shown that the defect is expressed as a reduction in virus-specified RNA synthesis (Atkins, 1983; A. Hearne, unpublished results) . It is clear that all four of our ts mutants have defects in RNA synthesis which are more extreme than the defect expressed by A7. This is consistent with the finding that 76 ~ of ts mutants isolated for the closely related Sindbis virus showed less than 20~ of the wild-type level of RNA synthesis (Atkins et al., 1974) .
Although 39 °C was a restrictive temperature for the ts mutants, three of the four mutants were able to multiply at 37 °C. Since the body temperature of the mice fluctuated between 37 °C and 39 °C, some multiplication of these mutants was possible in infected mice, as shown by the induction of viraemia and postnatal immunity in the offspring. The mutant ts4, however, was restricted at 37 °C as well as 39 °C, and so infection was abortive and no viraemia or postnatal immunity was induced.
Two of the mutants, tsl4 and ts22, showed particularly interesting characteristics and were studied further. The modified pathogenicity of these mutants for foetuses correlated with modified virulence for suckling mice. The wild-type virus induces rapid foetal death and aborton in all infected pregnant mice at any stage of pregnancy except very early stages [ < 5 days after conception Milner & Marshall, 1984) ]. In the majority of infected mice, tsl4 infected the placenta more efficiently than the foetus. As well as abortion, tsl4 and ts22 caused a range of developmental abnormalities in foetuses which were not found for the wild-type or the other mutants. These included developmental arrest, mummification, and possible teratogenic effects. Since both mutants were rapidly lethal for neonatal mice, the developmental defects produced may result from a partially effective immune response against foetal infection.
Use of the neurovirulence mutant M9 of SFV has provided us with a useful model to analyse central nervous system demyelination rather than the rapidly lethal encephalitis induced by the wild-type L10 strain Atkins & Sheahan, 1982; Gates et al., 1985) . Similarly, mutants tsl4 and ts22 may provide useful models for the study of fundamental mechanisms in the production of virus-induced developmental defects, rather than the rapid abortion induced by the wild-type A7 strain.
